The porcine and human pathogen Streptococcus suis induces and degrades neutrophil extracellular traps (NETs) in vitro. In this study, we investigated the working hypothesis that NET degradation is mediated not only by the known secreted S. suis nuclease A (SsnA) but also by a so-far undescribed putative endonuclease A of S. suis (designated EndAsuis) homologous to the pneumococcal endonuclease A (EndA). Comparative analysis was conducted to identify differences in localization, expression and function of EndAsuis and SsnA. In contrast to ssnA, endAsuis RNA expression was not substantially different during exponential and stationary growth. Modelling of the 3D structure confirmed a putative DRGH-motif-containing bba-metal finger catalytic core in EndAsuis. Accordingly, nuclease activity of recombinant EndAsuis with a point-mutated H165 was rescued through imidazol treatment. In accordance with a putative membrane anchor, nuclease activity caused by endAsuis was not detectable in the supernatant. Importantly, endAsuis determined nuclease activity of S. suis prominently during exponential growth. This activity depended on the presence of Mg 2+ but, in contrast to SsnA activity, not on Ca 2+ . A pH of 5.4 did not inhibit endAsuis-encoded nuclease activity during exponential growth.
INTRODUCTION
Streptococcus suis is a very important porcine pathogen causing various diseases such as meningitis, septicaemia, endocarditis and arthritis (Gottschalk, 2012) . It is one of the major pathogens in swine production leading to high economic losses. Thirty-five serotypes have been identified. Serotype 2 is the most prevalent amongst invasive isolates worldwide (Gottschalk & Segura, 2000) .
In addition, S. suis is also an important zoonotic agent. The most important manifestation in humans is meningitis (Arends & Zanen, 1988) . However, S. suis also caused two outbreaks in humans in China associated with cases of streptococcal toxic shock-like syndrome (Tang et al., 2006; Yu et al., 2006) . A typical finding in meningitis lesions caused by S. suis infection is an infiltration of neutrophils as the first line of defence of the innate immune system 3These senior authors contributed equally to this paper.
Abbreviations: NET, neutrophil extracellular trap; PDB, Protein Data Bank; PMA, phorbol 12-myristate 13-acetate; qRT, quantitative realtime; TLR, Toll-like receptor. (Beineke et al., 2008; Lun et al., 2007; Williams & Blakemore, 1990) .
Neutrophilic granulocytes produce neutrophil extracellular traps (NETs) which contain antimicrobial molecules as a defence mechanism against pathogens (Brinkmann et al., 2004) . S. suis induces NETs in vitro and releases a nuclease, designated secreted S. suis nuclease A (SsnA), degrading NETs. Importantly, SsnA mediates protection against the antimicrobial effects of NETs (de Buhr et al., 2014) .
Different streptococci, such as Streptococcus pyogenes, are known to produce more than one extracellular DNase (Sumby et al., 2005) . A DRGH motif in the active centre is a characteristic feature of one group of DNases. A number of nucleases belonging to this family were identified in different streptococci: the competence-associated endonuclease A (EndA) in Streptococcus pneumoniae (Beiter et al., 2006; Wartha et al., 2007) , DNA-entry nuclease A gbs0661 (NucA) in Streptococcus agalactiae (Derré-Bobillot et al., 2013) and the phage-encoded extracellular streptodornase D (Sda1) in Streptococcus pyogenes (Aziz et al., 2004; Buchanan et al., 2006; Chang et al., 2011; Sumby et al., 2005) . EndA has been described to be a membrane-associated DNase promoting bacterial escape from NETs and spreading from the respiratory tract to the bloodstream (Beiter et al., 2006; Lacks & Neuberger, 1975) .
In this work, we investigated the working hypothesis that NET escape during exponential growth of S. suis is mediated not only by the known nuclease SsnA but also by a so-far undescribed nuclease homologous to EndA, designated endonuclease A of S. suis (EndAsuis).
METHODS
Bacterial strains and growth conditions. S. suis strain 10 (WT) is a virulent serotype 2 strain that has been used by different groups for mutagenesis and experimental infections of pigs (Baums & ValentinWeigand, 2009; Baums et al., 2006 Smith et al., 1999) . Streptococci were grown on Columbia agar plates with 6 % sheep blood or in Bacto Todd Hewitt broth (THB). In appropriate cases, 3.5 mg chloramphenicol ml 21 was added. Escherichia coli BL21(DE3) was cultured in LuriaBertani medium. Ampicillin (100 mg ml
21
) was added for selection and maintenance of clones with pET45-derived plasmids.
DNA techniques and primer sequences. Routine DNA manipulations were performed as described previously (Sambrook et al., 1989) . Oligonucleotide primers were designed based on the sequence of SSU1760 in the genome of S. suis P1/7 (http://www.sanger.ac.uk/). Chromosomal DNA of S. suis strain 10 served as template in all PCRs conducted for generation of inserts. DNA fragments were amplified with Phusion polymerase (Promega).
Expression, purification and activation of recombinant EndAsuis as well as generation of specific hyperimmune serum.
All methods and materials relating to recombinant EndAsuis are described in the Supplementary Materials and Methods (available in the online Supplementary Material), including primers listed in Table S1 .
Targeted mutagenesis of endAsuis in S. suis strain 10. In-frame deletion mutagenesis of endAsuis was conducted in S. suis strain 10 with the thermosensitive plasmid pSET5DendAsuis. To construct this vector, an 818 bp 59-endAsuis amplification product generated with the primer pair endA_new_for_BamHI (59-AGTGGATCCAGATCGTAT-CGAAGCGGGT-39) plus endA_new_rev_SalI (59-TTCGTCGACCC-ATTTTCTCTCCATCAAAAA-39) and an 820 bp 39-endAsuis amplification product amplified with the primer pair endA_3_SalI (59-TCAGTCGACATAGTGGGGAAATTGCAGT-39) plus endA_3_PstI (59-TACCTGCAGGAACAATTCTTGGAAGAAAC-39) were cut with the restriction enzymes indicated in the names of the primers. Both amplicons were inserted between the BamHI and PstI sites of pSET5s (Takamatsu et al., 2001 ) to generate pSET5DendAsuis. Restriction analysis and sequencing were carried out to verify the sequence of this plasmid and, in particular, the in-frame deletion. The temperaturesensitive replication of this vector enabled allelic exchange of endAsuis as described previously (Baums et al., 2006) . The mutant strain 10DendAsuis was investigated in a Southern blot analysis of HindIIIdigested chromosomal DNA with three different probes [the 412 bp amplicon of endAsuis using the primer pair testendA1 (59-GCA-TACACCAAGGTCACACG-39)/testendA2 (59-CGGTTGCCAGTGTT-CCTTAT-39), the 442 bp amplicon generated with the primer pair uptestendA_for (59-CACCGAGGAACAATTCTTGG-39)/uptestendA_rev (59-CTTGCAGCCCTGTTTGTTAG-39) and the 501 bp amplification product of the pSET5s backbone DNA generated with the primers pSET5_for/pSET5_rev (Seele et al., 2013) ]. Restriction enzymes were purchased from Biolabs.
Generation of endAsuis and ssnA double mutants. We constructed two double mutants in this study using a previously described protocol (Baums et al., 2006) with the following modifications. Inframe deletion mutagenesis of endAsuis and ssnA was conducted in S. suis strain 10DssnA (de Buhr et al., 2014) and strain 10DendAsuis with the thermosensitive plasmids pSET5DendAsuis and pSET5DssnA, respectively. The respective double-mutant strains 10DssnADendAsuis and 10DendAsuisDssnA were confirmed by comprehensive Southern blot analysis using the previously described method (de Buhr et al., 2014) and two additional probes [the 479 bp amplicon of ssnA generated with the primer pair testssnA1 (59-TCCCAAATGATGACAAGCTG-39)/ testssnA2 (59-TTCAGCTGCAAGTGTTTTGC-39) and the 429 bp product amplified with the primer pair downtestssnA_for (59-CTCCGTTGCCAATACCAAAG-39)/downtestssnA_rev (59-CCATAA-ATGGCGGATAGCAG-39)]. For Southern blot analysis, chromosomal DNA was digested with either BspHI or HindIII to analyse the mutagenesis of ssnA or endAsuis, respectively.
Nuclease assay with calf thymus DNA. Bacterial nuclease activity leading to degradation of eukaryotic DNA was determined using calf thymus DNA as substrate. Therefore, 4 mg calf thymus DNA (Sigma) was added to 100 ml bacterial cultures containing 4610 8 or 6.56 10 8 c.f.u. ml 21 of bacteria grown to OD 600 0.6 or 1.3, respectively. These bacterial cultures were prepared in advance and kept as frozen stocks containing 15 % glycerol. Samples were incubated for 24 h at 37 uC. Bacterial supernatants were obtained for detection of DNase activity after centrifugation of bacteria (2600 g, 5 min), filtration (Rotilabo 0.45 mm; Roth) and (as indicated) 20-fold concentration using Amicon Ultra-0.5 concentrators (Millipore; molecular mass cut-off: 3000 Da). The supernatants were mixed with DNase buffer (3 mM MgCl 2 , 3 mM CaCl 2 , 300 mM Tris, pH 7.4) in a ratio of 1 : 2. Then, 70 ml bacterial supernatant diluted with DNase buffer was mixed with 2 or 5 mg calf thymus DNA (Sigma).
For detection of surface-associated DNase activity, bacteria were grown to OD 600 0.6 or 1.3, centrifuged (2600 g, 5 min), and washed twice with PBS. Then, bacteria were adjusted to OD 600 1.0 with PBS. Aliquots of 35 ml of this suspension and 35 ml DNase buffer pH 5. 4, 6.4, 7.4 or 8.4 CaCl 2 was added instead of the DNase buffer to assess the impact of the indicated MgCl 2 or CaCl 2 concentrations on the activity of both nucleases. The samples were incubated for the indicated time points at 37 uC. Visual examination of DNA for DNase activity evaluation was conducted after 1 % agarose gel electrophoresis and staining of DNA with RotiSafe Gelstain Ready-To-Use (Roth).
Nuclease assay with bacterial DNA. Bacterial nuclease activity leading to degradation of bacterial DNA was determined using chromosomal DNA of S. suis strain 10 as substrate. Chromosomal DNA of S. suis strain 10 was prepared as described previously (Wilson, 2001) .
Bacterial supernatants were collected as described above and mixed with 35 ml DNase buffer (3 mM MgCl 2 , 3 mM CaCl 2 , 300 mM Tris, pH 7.4) in a ratio of 1 : 2. The final volume of a sample was 70 ml. Bacterial DNA (7 mg) was then added. The samples were incubated at 37 uC. After 3 h incubation, an aliquot of 30 ml was removed for DNase activity analysis. The remaining volume was incubated for an additional 21 h.
Nuclease activity associated with whole bacteria was also tested for degradation of bacterial DNA. For this, bacteria were grown to OD 600 0.6, pelleted via centrifugation (2600 g, 5 min) and washed twice with PBS. Bacteria were adjusted in PBS to OD 600 2.5. Bacterial suspensions and DNase buffer were mixed in ratios of 1 : 2. Bacterial DNA (5 mg) was then added to 100 ml of these suspensions and the samples were incubated for 24 h at 37 uC. Visual examination of DNA for evaluation of DNase activity was conducted as described above.
Quantitative real-time (qRT)-PCR from reversed-transcribed RNA extracted from S. suis. Bacterial RNA was extracted from S. suis WT and the isogenic mutants 10DendAsuis and 10DendAsuisDssnA as described previously (Willenborg et al., 2011) . The culture conditions were modified as indicated (growth to OD 600 0.6 or 1.3). qRT-PCR of reverse-transcribed RNA was designed to analyse expression of four genes in close proximity to endAsuis (epuA and murA1 located downstream of endAsuis; SSU1008 and SSU1007 located upstream of endAsuis), three randomly selected virulenceassociated genes (sly, mrp and ofs) and the housekeeping gene gyrB. In the double mutants, expression of four genes in close proximity to ssnA was also analysed as described previously (de Buhr et al., 2014) .
The following genes were investigated for differential expression at OD 600 0.6 or 1.3: endAsuis, ssnA, cps2A (a known regulator of capsule expression) and argR (known to be non-differentially expressed) (Willenborg et al., 2011) . The respective primers are listed in Table  S2 . The qRT-PCR was conducted as described previously (de Buhr et al., 2014) . Products were verified by melting curve analysis and 1.5 % agarose gel electrophoresis. Data were normalized to a nonregulated housekeeping gene (gyrB). The relative DC t values were determined for expression of the targeted genes in S. suis WT and the mutants 10DendAsuis and 10DendAsuisDssnA [C t is the cycle number at the chosen amplification threshold, DC t 5C t gene 2C t reference (gyrB) and DDC t 5DC t DendAsuis 2DC t calibrator (WT) or DDC t 5DC t (WT OD 1.3) 2DC t calibrator (WT OD 0.6) ]. The fold change in expression (2 -DDCt ) was calculated as the read-out parameter.
Modelling of EndAsuis. EndAsuis from S. suis was modelled with the SWISS-MODEL structure homology-modelling server (Arnold et al., 2006; Biasini et al., 2014) using EndA from S. pneumoniae (Protein Data Bank ID: 3OWV) (Midon et al., 2011; Moon et al., 2011) as template. Comparison of EndA and EndAsuis with regard to the modelled 3D structure was conducted using SWISS-MODEL and the Swiss-PdbViewer (Guex & Peitsch, 1997) . The template structure contained the nuclease domain (Ala31-Gln274) and lacked the Nterminal membrane localization signal sequence. In the model, the disordered loop of the template Tyr129-Trp141 (EndAsuis) was moved towards the DNA until Arg132 was positioned close to the scissile phosphate of the DNA substrate. This was done because it was expected that the disordered loop lies in close proximity to the DNA (Moon et al., 2011) .
DNA was fitted into the active site of EndAsuis based on the known structure of DNA bound to the bba-metal finger Vibrio vulnificus nuclease (PDB ID: 1OUP; Li et al., 2003) . The initial spatial position of the DNA was determined by superimposing the bba-metal motif of V. vulnificus nuclease onto the model of EndAsuis. The Mg 2+ ion and water molecules were positioned by superposition of the final model with the structure of EndA. Final manual modelling and regularization were carried out using the Swiss-PdbViewer (Guex & Peitsch, 1997) and Coot (Emsley et al., 2010) .
The electrostatic potential surface representation was produced with Chimera (Couch et al., 2006; Pettersen et al., 2004) . The electrostatic potential was calculated with the APBS (Adaptive Poisson-Boltzmann Solver) tool (Baker et al., 2001) .
Purification of human neutrophils. Neutrophils were isolated from fresh blood of healthy donors with the PolymorphPrep system (Axis Shield) as described previously (von Köckritz-Blickwede et al., 2010) and resuspended in RPMI 1640 (without phenol red; PAA).
NET degradation assays. Human neutrophils were stimulated with 25 nM phorbol 12-myristate 13-acetate (PMA; Sigma) to induce NET formation as described previously (de Buhr et al., 2014) . Stocks of frozen bacterial suspensions grown to OD 600 0.6 or 1.3 including 15 % glycerol were thawed and diluted in RPMI to infect neutrophils at m.o.i. 1 : 2 for an additional 1 h at 37 uC and 5 % CO 2 . Cells were fixed with 4 % paraformaldehyde. Micrococcal nuclease (0.01 U ml 21 ; Worthington) was used as positive control to verify efficient NET degradation.
NET induction. Human blood-derived neutrophils were stimulated with bacterial suspensions of S. suis WT, and its isogenic mutants 10DssnA, 10DendAsuis and 10DendAsuisDssnA at m.o.i. 2 for 30 and 90 min at 37 uC and 5 % CO 2 . PMA (25 nM) and RPMI medium alone served as positive and negative controls, respectively. Finally, cells were fixed with 4 % paraformaldehyde.
Immunofluorescence. For the degradation assay, NETs were stained with an mAb against the histone H2A-H2B-DNA complex as described previously (Berends et al., 2010) . Briefly, after blocking and permeabilization, neutrophils were incubated overnight at 4 uC with a mouse mAb against the H2A-H2B-DNA complex (PL2-6) (2.65 mg ml 21 , diluted 1 : 2000 in PBS containing 2 % BSA, 0.2 % Triton X-100) (Losman et al., 1992 ). An Alexa Fluor 488-conjugated goat antimouse antibody (Alexa 488 conjugated highly cross-absorbed; Thermo Scientific; diluted 1 : 1000 in PBS containing 2 % BSA, 0.2 % Triton X-100) was used as secondary antibody.
The following protocol was used for co-staining NETs and bacteria (NET induction assays and NET entrapment assay). Samples were permeabilized with PBS containing 0.5 % Triton X-100 for 1 min and subsequently washed 3 times with PBS. The samples were then blocked for 20 min with PBS containing 1 % BSA and 0.05 % Tween 20 at room temperature. This was followed by 1 h incubation with a mouse mAb against DNA/histone 1 (MAB3864; Millipore; 1 : 5000 in PBS containing 1 % BSA and 0.05 % Tween 20) to visualize the NETs. At the same time, S. suis was stained with a rabbit anti-S. suis antibody (1 : 500 diluted) (Beineke et al., 2008) . The secondary staining was performed using a goat anti-rabbit Alexa Fluor 633-conjugated antibody (1 : 500; Invitrogen) or a goat anti-mouse Alexa Fluor 488-conjugated antibody (1 : 500; Invitrogen). After washing, all glass slides were embedded in ProLong Gold antifade reagent with DAPI (Invitrogen). Samples were recorded using a Leica TCS SP5 confocal inverted-base fluorescence microscope with an HCX PL Microbiology 161 APO 640/0.75-1.25 oil immersion objective. Settings were adjusted with control preparations using an isotype control antibody. For each sample in the degradation assay, a minimum of six randomly selected images per independent experiment were acquired and used for quantification of the area covered with NETs (NET degradation). The calculation of the area covered with NETs was conducted as described previously (de Buhr et al., 2014) . For each sample in the entrapment assay, six randomly selected images per independent experiment were acquired and used for quantification of NET-producing neutrophils.
Determination of antimicrobial effects of human neutrophils or NETs on S. suis WT in comparison with 10DendAsuis and 10DendAsuisDssnA. Neutrophils were isolated as described above and plated in non-treated tissue culture plates (Nunc; Sigma). The survival factor was calculated for the time points t530 and/or 90 min as indicated by dividing the specific bacterial content (c.f.u. ml 21 ) determined for these time points by the starting content (c.f.u. ml 21 at t50 min). The specific NET-mediated antimicrobial effects were determined in the presence of PMA to boost formation of NETs and cytochalasin D to block phagocytosis as described previously (Berends et al., 2010) except that FCS was not included.
Statistical analysis. Data were analysed by using Excel 2010 (Microsoft) and Prism 5.0 and 6.0 (GraphPad). Normal distribution of data was verified by the Kolmogorov-Smirnov normality test (GraphPad) prior to statistical analysis. Differences between two groups were analysed by using a one-or two-tailed paired (when all individual samples were performed within one individual experiment) or unpaired Student's t-test in the case of normally distributed data. In the case of qRT-PCR, the data were analysed by one-way ANOVA using Dunnett's adjustment to the non-regulated argR gene. Analysis of protection against NET-mediated antimicrobial effects was conducted by one-way ANOVA using Tukey's multiple comparison test. P,0.05 was considered significant; P¡0.1 was considered statistically noticeable. Table S2 . Relative transcript levels of S. suis WT (strain 10) from the exponential (OD 600 0.6) and stationary (OD 600 1.3) growth phases were compared by calculation of DDC t using gyrB expression as reference. Values .1 indicate upregulation during the stationary phase. endAsuis, endonuclease of S. suis; ssnA, S. suis secreted nuclease A; cps2A, capsule synthesis gene 2A; argR, arginine repressor (SSU0588). (b) Products of qRT-PCR of endAsuis were visualized via 1.5 % agarose gel (NTC, no template control). Data for qRT-PCR are presented as mean±SD of independent experiments. Statistical analysis was performed by one-way ANOVA using Dunnett's adjustment to the non-regulated argR gene. ***P,0.001. 
EndAsuis of Streptococcus suis degrades NETs

RESULTS AND DISCUSSION
S. suis degrades eukaryotic DNA during exponential growth independent of SsnA This work was initiated by the observation that the S. suis nuclease mutant 10DssnA degraded eukaryotic DNA at a bacterial density of OD 600 0.6 (Fig. 1a) . As SsnA was the only extracellular nuclease described for S. suis, we hypothesized that a further, so-far unidentified nuclease of S. suis was expressed during exponential growth. Furthermore, as approximately ninefold induction of ssnA rRNA was recorded at OD 600 1.3 in comparison with OD 600 0.6 (Fig. 2a) , we designed experiments to investigate extracellular nuclease activity of S. suis during exponential and stationary growth.
In silico analysis and recombinant expression indicates a nuclease in S. suis with high homology and structural similarity to pneumococcal EndA
In silico analysis revealed that the genome sequence of S. suis P1/7 contained an ORF (Gene ID: 8151614) encoding a further putative nuclease homologous to EndA of S. pneumonia with 69 % amino acid identity and 83 % amino acid homology (Fig. 3a) . Accordingly, this 
putative nuclease was designated endonuclease A of S. suis (EndAsuis). Analysis of EndAsuis with SACS MEMSAT2
Transmembrane Prediction Page (Jones et al., 1994) predicted an N-terminal membrane localization sequence for EndAsuis, similar to the membrane anchor of EndA (Fig. S1 ).
EndA contains the conserved DRGH motif, typical for other DRGH nucleases (Derré-Bobillot et al., 2013; Moon et al., 2011) . Homology modelling of EndAsuis (Glu51-Asn287) revealed high structural similarity with the template EndA of S. pneumoniae, suggesting that EndAsuis was an active nuclease (Fig. 3b) . The model and template had a rootmean-square distance of 0.09 Å encompassing 228 residues.
The b-strands 5 and 6 as well as the a-helix D from the bba-metal finger motif created the putative catalytic core of EndAsuis (Fig. S2a) . The catalytically active site His165 of the DRGH motif and the surrounding residues of the active site were found in the same spatial arrangement in EndA and EndAsuis (Fig. 3a) . In accordance with this model, His165 pointed to a catalytic water molecule for nucleophilic attack on the scissile phosphate (Figs 3b and S2b).
The EndAsuis model and EndA displayed a similar surface architecture with a central channel for DNA substrate binding (Fig. S2c) . The DNA substrate was located between the disordered loop and the 'finger-loop'. The latter displayed a major difference of modelled EndAsuis and EndA as depicted in Fig. S2(d) : the corresponding residue of threonine 202 in the 'finger-loop' interruption of EndA is replaced by the bulky tyrosine 197 in EndAsuis. At position 200, the polar aspartic acid of EndA is replaced by the non-polar alanine. The loop is dispensable for both DNA substrate binding and in catalysis (Moon et al., 2011) , and is thought to be involved in substrate specificity.
As expression of recombinant EndAsuis was not successful in Escherichia coli, we expressed recombinant EndAsuis with a point mutation in H165 of the DRGH motif and treated purified protein after removal of the poly-His-tag (Fig. S3a) with imidazol to rescue nuclease activity as described for EndA (Midon et al., 2011; Moon et al., 2011) . Rescued recombinant EndAsuis_H165G cleaved plasmid DNA and degraded calf thymus DNA, confirming the predicted structural homology of EndAsuis and EndA (Fig. S3) .
In summary, in silico analysis of S. suis serotype 2 suggested that this pathogen expressed a membrane-anchored endonuclease with high homology and structural similarity to pneumococcal EndA. Accordingly, nuclease activity was confirmed for rescued EndAsuis_H165G. As EndA of S. pneumoniae was described as a DNase playing an important role in the degradation of NETs (Beiter et al., 2006) , we hypothesized that EndAsuis might also be a NET evasion factor in S. suis.
Analysis of endAsuis mRNA expression and generation of isogenic mutants
Analysis of mRNA by qRT-PCR revealed that endAsuis expression was, in contrast to ssnA, comparable during the exponential and stationary phases (Fig. 2a) . To study the biological effects of EndAsuis, we constructed an in-frame deletion mutant of endAsuis, designated 10DendAsuis. Furthermore, we used this mutant and the mutant 10DssnA to generate the double mutants 10DendAsuisDssnA and 10DssnADendAsuis, respectively, to identify putative synergistic effects of both nucleases (EndAsuis and SsnA). We investigated endAsuis RNA expression in the WT and 10DendAsuis. In the WT, the C t value of endAsuis was determined to be 18.1, whereas in 10DendAsuis no signal was measured after 40 cycles, confirming targeted mutagenesis of endAsuis. Analysis of the expression of three randomly selected virulence-associated genes (sly, ofs and mrp) and three neighbouring genes of endAsuis revealed 'DDC t based to WT' values between 0.7 and 1.3 in 10DendAsuis (Fig. S4a) and 10DendAsuisDssnA (Fig. S4b) , indicating no altered expression of these genes. The 'DDC t based to WT' value of epuA was found to be 0.5 in 10DendAsuis, which might be considered a borderline value to altered expression. However, as epuA encoded a putative competence-associated protein of only 64 aa, we may exclude that EpuA is responsible for the nuclease phenotype. In addition, the four neighbouring genes of ssnA were not differently expressed in S. suis WT and 10DendAsuisDssnA (Fig. S4c.) . In conclusion, mRNA analysis confirmed expression of endAsuis during exponential and stationary growth in the WT, and non-polar mutagenesis of endAsuis in 10DendAsuis and 10DendAsuisDssnA (possibly with the exception of epuA).
Nuclease activity of S. suis during exponential growth is determined by endAsuis and ssnA in dependence of pH as well as ion concentration
The different endAsuis mutants were found to grow comparably to the WT in THB (Fig. S5 ). Attenuation in eukaryotic DNA degradation was not detectable for 10DendAsuis cultures in the presence of Ca 2+ and Mg 2+ . This is in accordance with the high DNase activity in culture supernatants caused by the previously characterized nuclease SsnA (de Buhr et al., 2014; Fontaine et al., 2004) . However, loss of DNase activity in comparison with 10DssnA
infected for 1 h with either S. suis WT (strain 10) or 10DendAsuis at m.o.i. 1 : 2 or THB medium alone (Ctr). Visualization of NET degradation was conducted by immunofluorescence microscopy using DAPI staining of the DNA (blue) and Alexa Fluor 488-conjungated antibodies against histone H2A-H2B-DNA complexes to label NETs (green). Quantification of NETs was performed as described in Methods. (a, c) Incubation with bacteria harvested at OD 600 0.6. (b) Incubation with bacteria harvested at OD 600 1.3. Micrococcal nuclease (MN; 0.01 U ml "1 ) was used as positive control for efficient NET degradation. The data for S. suis WT and 10DssnA (OD 600 1.3) are included for comparison, but have already been published (de Buhr et al., 2014) . All data are shown as mean±SEM of three independent experiments; controls in (a, b) are the same, as all samples shown in (a, b) were performed within the same experiment; *P,0.05, **P,0.005 by unpaired one-tailed Student's t-test; NS, not significant. Quantification of NET formation in the absence of PMA using immunofluorescence microscopy. NETs were stained with Alexa Fluor 488-labelled antibodies against histone-DNA complexes; nuclei of the cells were stained blue (DAPI). NET-releasing cells incubated with bacteria or RPMI as control (Ctr) were counted after 30 min co-incubation. Significant differences in NET induction between control and bacteria were found for all strains. No differences were detectable comparing the four bacterial strains with each other. All data are shown as mean±SEM of n518 images of three independent experiments; *P,0.05 by one-way unpaired Student's t-test.
was demonstrated for the double mutants 10DendAsuisDssnA and 10DssnADendAsuis (Fig. 1a and 1b ). This phenotypic difference was most pronounced in bacteria growing exponentially (compare Fig. 1a and b) . This finding is reminiscent of EndA of S. pneumoniae, which acts most notably at the early growth phase (Bergé et al., 2013) .
Invasive pathogens such as S. suis are exposed to different ion and pH conditions during infection. Thus, the DNase activities of the WT and the different mutants were compared under different Ca 2+ and Mg 2+ concentrations as well as pH conditions. At pH 5.4, S. suis WT bacteria harvested during exponential growth showed endAsuisand ssnA-dependent DNA degradation at 1.5 mM CaCl 2 and 1.5 mM MgCl 2 (Fig. 4a) . This result suggested that endAsuis-dependent DNase activity was not detectable during stationary growth for reasons other than the drop in pH (Fig. S6) . Interestingly, distinct DNA degradation products were detectable at pH 5.4 in the exponentially grown double mutant 10DendAsuisDssnA, but not in the control, suggesting that S. suis expressed a further endonuclease active under these conditions (Fig. 4a) . Titration of Ca 2+ and Mg 2+ concentrations demonstrated that endAsuis-encoded nuclease activity depended only on Mg 2+ and not on Ca 2+ as SsnA (Fig. 4d-i) . A concentration of 1.5 mM, but not 0.75 mM, MgCl 2 resulted in high EndAsuis activity (Fig. 4a, d, g ). The Ca 2+ and Mg 2+ dependence of SsnA is in agreement with the results of a previous study (Fontaine et al., 2004) . Furthermore, it has been shown that EndA of S. pneumoniae is active in buffers containing only Mg 2+ and not Ca 2+ (Moon et al., 2011) .
Bacterial supernatants collected at different optical densities were incubated for different times with eukaryotic DNA to identify endAsuis-dependent phenotypes (Figs 1c, S7 and S8). However, neither EndAsuis protein nor endAsuisdependent degradation of eukaryotic DNA was recorded using untreated or 20-fold concentrated bacterial supernatants suis strains grown to exponential phase (OD 600 0.6) in the presence of human NETs. Human neutrophils were treated with 25 nM PMA for 20 min to induce NET formation and 10 mg cytochalasin D ml "1 to avoid phagocytosis before infection. The c.f.u. count was determined at t50, 30 and 90 min. No significant differences were found between survival factors (c.f.u. 90 min / c.f.u. 0 min ) of S. suis WT and 10DendAsuis. Significant differences between S. suis WT and 10DendAsuisDssnA as well as between S. suis WT and 10DssnA were detected after 90 min of coincubation (ANOVA; P50.0072). All data are shown as mean±SEM of six (b) or three (c) independent experiments; *P,0.05. The data for S. suis WT and 10DssnA in (c) have already been published (de Buhr et al., 2014) , but were included as control strains. Statistical differences were analysed by one-way ANOVA using Tukey's adjustment (b, c).
( Figs S7-S9 ). In accordance with the putative membrane anchor of EndAsuis, these data suggested that EndAsuis was not released into the supernatant, in contrast to SsnA (de Buhr et al., 2014; Fontaine et al., 2004; Haas et al., 2014) and NucA of S. agalactiae (Derré-Bobillot et al., 2013) , which is homologous to EndAsuis (46 % identity and 64 % homology). In conclusion, comparative phenotypic analysis of different nuclease mutants demonstrated that during the exponential phase endAsuis determines nuclease activity of whole bacteria depending on Mg EndAsuis is involved in NET degradation during exponential growth of S. suis An important objective of this study was to investigate if EndAsuis was involved in the degradation of NETs. Similar to our previous study, we investigated the degradation of NETs induced in human neutrophils through 4 h treatment with 25 nM PMA, which revealed 90-100 % NET formation and, thus, is best suited for the NET degradation assay (de Buhr et al., 2014) . Immunofluorescence microscopy confirmed entrapment of bacteria by the induced NETs (Fig. S10) . As we detected endAsuis-dependent phenotypes for calf thymus DNA degradation during exponential growth, we included exponentially grown bacteria (OD 600 0.6) for the NET degradation assay in addition to samples with bacteria grown to stationary phase (OD 600 1.3). As shown in Fig. 5(a, c) , the area covered with NETs was significantly reduced after incubation with exponentially grown S. suis WT (OD 600 0.6) in comparison with the control (THB medium alone, P50.0104). In contrast, incubation of NETs with the exponentially grown mutant 10DendAsuis (OD 600 0.6) did not result in a significant reduction of the area of NETs (Fig. 5a) (P50.1794) . Accordingly, differences in NET degradation between exponentially grown S. suis WT and 10DendAsuis were significantly different (P50.0345; Fig. 5a ). Differences in NET degradation between S. suis WT and 10DendAsuis were not observed using the respective bacterial supernatants (data not shown), which is in agreement with the putative membrane anchor of EndAsuis and the results of calf thymus DNA degradation (Figs 1c and S7) .
Differences in the degradation of NETs were not detectable after incubation with WT and 10DendAsuis bacteria grown to the stationary phase (OD 600 1.3; P50.1819; Fig. 5b ). In contrast, comparative analysis of WT and 10DssnA bacteria revealed significant differences in NET degradation under the same experimental conditions (Fig. 5c) (de Buhr et al., 2014) . The analysis of relative transcript levels in qRT-PCR indicated that endAsuis was not differentially expressed during exponential and stationary growth, in contrast to the higher expression of ssnA during stationary growth (Fig. 2a) . Thus, the missing record of an endAsuis-dependent phenotype in NET degradation during the stationary phase is most likely related to the respective high activity of SsnA and not due to lower EndAsuis expression levels. In summary, these results indicated that EndAsuis was important for NET degradation exhibited by S. suis during exponential growth when SsnAmediated NET degradation exhibited lower efficiency (Fig. 5a ).
S. suis induces NETs independent of EndAsuis
To determine if EndAsuis may have also interfered with NET induction, the WT and all three mutant strains were co-incubated with unstimulated human neutrophils, and the percentage of NET-releasing cells determined using immunofluorescence microscopy. As shown in Fig. 6 , all four strains slightly, but significantly, induced the formation of NETs after 30 min of infection compared with the uninfected control, similar to our previous findings in porcine neutrophils (de Buhr et al., 2014) . This is also in accordance with the Staphylococcus aureus nuc, which mediates NET degradation but not NET induction by human neutrophils (Berends et al., 2010) . 
EndAsuis of Streptococcus suis degrades NETs
Mutant 10DendAsuis showed no significant protection against neutrophil-or NET mediated antimicrobial effects compared with the WT Next, we investigated if endAsuis mediated protection against antimicrobial effects of human neutrophils or NETs. First, the antimicrobial activity of pure neutrophils that were not prestimulated with PMA was tested. Fluorescence microscopy again confirmed slight NET induction as well as entrapment of the bacteria in this assay (Fig. 7a) . Although the three mutant strains showed slightly reduced survival factors compared with the WT, no significant differences were found. Notably, the survival factor was .1, indicating growth of bacteria and no killing (Fig. 7b) .
To specifically test antimicrobial effects of NETs, bacteria were incubated with PMA-stimulated neutrophils for 30 or 90 min. PMA was used to boost neutrophils for efficient NET formation. At the same time, cytochalasin D was used to block phagocytosis. Whereas degranulation occurs within 30 min upon stimulation of neutrophils, NET release is detected after 60 min or later (Berends et al., 2010; Papayannopoulos & Zychlinsky, 2009 ). Thus, the 90 min time point in this assay mainly determined NETmediated antimicrobial effects.
No differences between all four tested strains were detectable at 30 min. However, as shown in Fig. 7 (c) and our previous publication (de Buhr et al., 2014) , 10DssnA showed a significantly reduced survival factor compared with its respective WT strain after 90 min of co-incubation. The same effect was visible for the 10DendAsuisDssnA double mutant. In contrast to 10DssnA and 10DendAsuisDssnA, no significant differences in survival between S. suis WT and the 10DendAsuis mutant were observed (Fig. 7c) . Thus, EndAsuis does not seem to be as important as SsnA for protection against the antimicrobial effect of NETs, at least not under the chosen experimental conditions (de Buhr et al., 2014) .
Degradation of bacterial DNA is mediated by ssnA and endAsuis Extracellular nucleases might be involved in other biological functions in addition to NET degradation, such as modulation of Toll-like receptor (TLR) 9-dependent pathogen recognition through degradation of bacterial DNA (Uchiyama et al., 2012) . Thus, we investigated the degradation of bacterial DNA by SsnA and EndAsuis. Partial or complete degradation of bacterial DNA by bacterial supernatants was detectable after 3 or 24 h incubation in either S. suis WT or 10DendAsuis, but not in 10DssnA or the double mutant (Fig. 8a, b) . These results demonstrated SsnA-dependent degradation of bacterial DNA in the supernatant of WT bacteria. DNase activity in the bacterial supernatant did not seem to depend on endAsuis. Importantly, a phenotypic difference between 10DssnA and 10DendAsuisDssnA was detectable in bacterial DNA degradation by whole bacteria taken from the exponential growth phase (Fig. 8c) . However, prominent DNase activity comparable with the WT was found in S. suis 10DendAsuis under these conditions. As bacterial DNA degradation depended on ssnA and endAsuis, putative modulation of TLR9-dependent immune responses will be the subject of future investigations in our laboratory.
CONCLUSION
In conclusion, ssnA and endAsuis are necessary for the degradation of eukaryotic and bacterial DNA as well as NETs during the exponential growth of S. suis. The biological advantage of the expression of at least two extracellular nucleases in S. suis still needs to be explored. It is likely, however, that EndAsuis assumes a unique function due to its potential anchoring with the membrane as compared with SsnA, which is anchored to the cell wall and released to the extracellular milieu. Furthermore, the different expression levels of EndAsuis and SsnA along the growth curve suggest variations in their functional significance, necessitating further studies to decipher their role in the pathogenesis of S. suis diseases.
